INTRODUCTION {#S1}
============

Linked to the human bleeding disorder Scott syndrome ([@R5]; [@R44]), TMEM16F is a Ca^2+^-activated scramblase as well as ion channel that mediates Ca^2+^ influx ([@R2]; [@R19]; [@R47]; [@R53]). The dual function of this protein is critical for exposing phosphatidylserine (PS) ([@R58]) and generating and releasing of extracellular vesicles (EVs) by the platelets ([@R18]; [@R39]; [@R43]; [@R51]). These processes play important roles in bone formation ([@R10]; [@R33]) and anti-inflammatory response of neutrophils ([@R20]) as well as blood coagulation ([@R15]; [@R52]; [@R53]; [@R58]). For a channel that is activated by Ca^2+^ and mediates Ca^2+^ influx---a positive feedback that needs to be held in check to prevent excessive increase of intracellular Ca^2+^ level, TMEM16F has a small single-channel conductance ([@R53]). Moreover, TMEM16F channel activity is reduced by Ca^2+^-induced degradation of phosphatidylinositol-(4, 5)-bisphosphate (PIP~2~) ([@R54]), and its ion selectivity shifts dynamically with rising Ca^2+^ levels ([@R55]); this dynamic shift may contribute to the time-dependent change and variations of ion selectivity revealed in whole-cell recordings ([@R6]; [@R17]; [@R31]; [@R32], [@R33]; [@R42]; [@R56]). The structural basis of TMEM16F modulation by Ca^2+^ and PIP~2~ remains an open and interesting question.

TMEM16F is functionally distinct from its closely related family member TMEM16A ([@R9]; [@R34]), which is a Ca^2+^-activated Cl¯channel with no scramblase activity ([@R56]) but somewhat similar to the fungal scramblases nhTMEM16 and afTMEM16 ([@R7]; [@R13]; [@R25]) that may permeate both cations and anions ([@R12]). Structures of these fungal scramblases have a half-open subunit cavity with a hydrophilic groove open to the interior of the lipid bilayer. Such configuration is compatible with the lipid-scrambling model, in which the charged headgroup of lipid goes through this open groove while being scrambled, the so-called "credit card" model ([@R38]) for lipid scrambling ([@R4]; [@R23]; [@R27]; [@R50]). Furthermore, membrane distortion was observed at the site of this open groove ([@R13]; [@R25]). Such distortion is likely caused by the open groove and could reduce the energy barrier of scrambling a lipid from one leaflet to the other, further strengthening the credit card model. However, recent findings that the fungal afTMEM16 scramblase can flip lipids with headgroups larger than the width of the open groove raises the possibility of "out-of-the-groove" lipid scrambling ([@R28]), which is likely also facilitated by the membrane distortion ([@R13]). The dual functionality of channel and scramblase of TMEM16F and its fungal homologs ([@R12]) raises intriguing questions: how might an open groove permeate ions? If TMEM16F has a channel pore similar to the enclosed pore of TMEM16A, how might the membrane be distorted to facilitate lipid scrambling without an open hydrophilic groove facing the membrane interior?

We combined structural and mutagenesis studies to explore the possibility that lipid scrambling by TMEM16F does not require an open hydrophilic groove. Using single-particle electron cryo-microscopy (cryo-EM), we determined four structures of TMEM16F under different physiological conditions. Our structural analyses reveal an enclosed channel pore in all these structures for different functional states and PIP~2~-dependent membrane distortion and thinning. Such membrane distortions vary with different protein conformations, and they are accompanied with tightly bound lipids that are in slanted orientations. Mutations of some residues that either bind lipids or are associated with membrane distortion impact the onset of lipid scrambling, but not Ca^2+^ influx, thus establishing a connection between membrane distortion and lipid scrambling. The specific effects of these mutations further suggest that lipid scrambling and ion permeation are not always correlated. Together, our studies reveal that membrane distortion and lipid scrambling may take place without an open groove and further suggest that lipid scrambling and ion permeation do not share the same pathway.

RESULTS {#S2}
=======

Ca^2+^ Induces Conformational Changes on the Structure of TMEM16F {#S3}
-----------------------------------------------------------------

Recombinant mouse TMEM16F was expressed in HEK293 cells and purified in digitonin with added lipids. We determined two cryo-EM structures of TMEM16F in digitonin, without and with Ca^2+^ ([Figures 1](#F1){ref-type="fig"} and [S1](#SD1){ref-type="supplementary-material"}; [Table S1](#SD1){ref-type="supplementary-material"}). The overall resolutions of both structures are better than 4 Å. The dimeric architecture of TMEM16F resembles that of TMEM16A with ten transmembrane segments (TM1--10). Unexpectedly, a single Ca^2+^ ion is resolved in the density map of Ca^2+^-bound TMEM16F, which is coordinated by N621 (and likely E624 as well) on TM6, E670 on TM7, and D703 on TM8 ([Figure 1C](#F1){ref-type="fig"}). Comparison of these structures revealed that Ca^2+^ binding induced a conformational change in the TM6, from a helix that is slightly bent at G615 to a straight helix ([Figure 1G](#F1){ref-type="fig"}). Another noticeable change involves the extracellular loops ([Figure 1H](#F1){ref-type="fig"}); Ca^2+^ binding facilitates the stable binding of lipids to clusters of basic residues on the TM9-TM10 loop ([Figures 1I](#F1){ref-type="fig"} and [1J](#F1){ref-type="fig"}). When the Ca^2+^-free and Ca^2+^-bound TMEM16F maps are compared at the same resolution, it appears that the changes of TMEM16F conformation induced by Ca^2+^ binding facilitate the binding of a greater number of lipids ([Figures 1A](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}). Considering that the channel and lipid scrambling activities of TMEM16F are Ca^2+^ dependent, having more stably associated lipids in Ca^2+^-bound condition may be related to these activities.

First, we test the functional roles of residues involved in Ca^2+^-induced conformational changes, such as N621 on the TM6 involved in Ca^2+^ binding ([Figures 1C](#F1){ref-type="fig"} and [S2A](#SD1){ref-type="supplementary-material"}), R542 on the TM4-TM5 loop that contacts the TM2-TM3 loop only in Ca^2+^-free TMEM16F ([Figures S2C](#SD1){ref-type="supplementary-material"} and [S2D](#SD1){ref-type="supplementary-material"}), and K706 on TM8 that is in the proximity of E624 solely in the Ca^2+^-bound TMEM16F ([Figures S2A](#SD1){ref-type="supplementary-material"} and [S2B](#SD1){ref-type="supplementary-material"}). We used Ca^2+^ imaging to assay TMEM16F-dependent Ca^2+^ influx and live imaging of PS exposure to assay the lipid scrambling activity. We also examined giant plasma membrane vesicle (GPMV) generation, which requires both TMEM16F-dependent Ca^2+^ influx and lipid scrambling ([@R19]). Time-lapse imaging of 500--1,000 cells with 10× magnification was performed to concurrently monitor GPMV formation and Ca^2+^ influx, and PS exposure was monitored in separate experiments involving time-lapse imaging of individual cells viewed with 603 magnification ([Figures 2](#F2){ref-type="fig"} and [S3](#SD1){ref-type="supplementary-material"}). All measurements were normalized by the expression levels ([Figures S3G](#SD1){ref-type="supplementary-material"}--[S3I](#SD1){ref-type="supplementary-material"}; [Table S2](#SD1){ref-type="supplementary-material"}). Control experiments revealed that, whereas TMEM16F is not required for the initial chemically induced Ca^2+^ release from internal stores, TMEM16F is essential for the subsequent Ca^2+^ influx ([Figures S3A](#SD1){ref-type="supplementary-material"}--[S3F](#SD1){ref-type="supplementary-material"}); HEK293 cells without heterologous expression of TMEM16F do not exhibit this Ca^2+^ influx, PS exposure, or GPMV formation ([@R19]). Because the initiation of Ca^2+^ influx and PS exposure depends primarily on TMEM16F functions, we focused on the time of onset, which is the maximum of the second derivative of the curve (maximal acceleration; see [STAR Methods](#S8){ref-type="sec"}). N621A and K706A mutations significantly reduced Ca^2+^ influx ([Figure 2A](#F2){ref-type="fig"}) and GPMV formation ([Figure 2C](#F2){ref-type="fig"}). N621A also suppressed PS exposure ([Figure 2B](#F2){ref-type="fig"}). In contrast, R542A accelerated the onset of Ca^2+^ influx, PS exposure, and GPMV generation ([Figures 2G](#F2){ref-type="fig"}--[2I](#F2){ref-type="fig"}). These results support the notion that Ca^2+^ binding is important for both lipid scrambling and channel activities.

Next, we tested the functional roles of two clusters of basic residues on the TM9-TM10 loop that bind lipids in Ca^2+^-bound TMEM16F ([Figures 1I](#F1){ref-type="fig"} and [1J](#F1){ref-type="fig"}). Remarkably, the R753A/H768A double mutation specifically delayed the onset of PS exposure ([Figures 2E](#F2){ref-type="fig"} and [2H](#F2){ref-type="fig"}) without affecting the onset of Ca^2+^ influx ([Figures 2D](#F2){ref-type="fig"} and [2G](#F2){ref-type="fig"}), and the R813A/K823A/H824A triple mutation slowed Ca^2+^ influx, PS exposure, as well as GPMV generation ([Figures 2D](#F2){ref-type="fig"}--[2I](#F2){ref-type="fig"}). The finding that the lipid binding residues R753 and H768 specifically affect the onset of PS exposure, but not Ca^2+^ influx, indicates that they are functionally important for lipid scrambling rather than channel function.

PIP~2~ Facilitates Membrane Distortion and Thinning {#S4}
---------------------------------------------------

We further reconstituted digitonin-solubilized TMEM16F into lipid nanodiscs for structure determinations ([Figure S4](#SD1){ref-type="supplementary-material"}; [Table S1](#SD1){ref-type="supplementary-material"}). We determined structures of Ca^2+^-bound TMEM16F in lipid nanodiscs without PIP~2~ to\~ 7 Å and with supplement of PIP~2~. From the latter, we classified particles into two classes with distinct conformations ([Figures 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, and [5](#F5){ref-type="fig"}; [Videos S1](#SD2){ref-type="supplementary-material"} and [S2](#SD3){ref-type="supplementary-material"}); whereas class 2 is slightly influenced by preferred orientation, both have better than 4-Å resolution ([Figure S4](#SD1){ref-type="supplementary-material"}). Major structural features, including TM helices and membrane surrounding the protein, are well resolved in all structures ([Figures S4](#SD1){ref-type="supplementary-material"} and [S5](#SD1){ref-type="supplementary-material"}). Similar to what we observed in the digitonin structures, we found a single Ca^2+^ ion with similar arrangements of Ca^2+^-coordinating residues in the PIP~2~ supplemented nanodiscs ([Figures S6A](#SD1){ref-type="supplementary-material"}-- [S6C](#SD1){ref-type="supplementary-material"}), at a location comparable to one of the densities for Ca^2+^ ions in TMEM16F in nanodiscs without PIP~2~ supplement ([Figures S2E](#SD1){ref-type="supplementary-material"}--[S2J](#SD1){ref-type="supplementary-material"}; [@R2]). Interestingly, comparison of structures after filtering all density maps to the same resolution of\~7 Å revealed that, in both classes of TMEM16F structures in nanodiscs with PIP~2~ supplementation, the membrane is distorted and thinned by \~30% for class 1 and \~40% for class 2, respectively ([Figures 3A](#F3){ref-type="fig"}, [3B](#F3){ref-type="fig"}, [4A](#F4){ref-type="fig"}, [S6F](#SD1){ref-type="supplementary-material"}, and [S6G](#SD1){ref-type="supplementary-material"}) near the site where TM6 is kinked at P628 with its lower part unwound and veering away ([Figures 3D](#F3){ref-type="fig"}--[3I](#F3){ref-type="fig"}). Many lipids found stably bound to the protein near the membrane distortion site are in slanted orientations; the slant angles vary with the protein conformation of these two classes of TMEM16F, however, we cannot be sure about the correspondence of the bound lipids in the two classes ([Figure 4B](#F4){ref-type="fig"}).

Comparisons between the two classes revealed that TMEM16F in class 1 is associated with less prominent membrane thinning ([Figure 3B](#F3){ref-type="fig"}), bound to lipids that are less slanted ([Figure 4B](#F4){ref-type="fig"}), and the TM6 is less kinked ([Figures 3D](#F3){ref-type="fig"} and [3G](#F3){ref-type="fig"}). In contrast, in the structure without PIP~2~ supplementation, no membrane distortion is seen ([Figures 3C](#F3){ref-type="fig"} and [S6H](#SD1){ref-type="supplementary-material"}) and TM6 is straight ([Figures 3F](#F3){ref-type="fig"}, [S2K](#SD1){ref-type="supplementary-material"}, and [S2M](#SD1){ref-type="supplementary-material"}). Similarly, no distortion of micelle is seen in the digitonin structures with or without Ca^2+^, and TM6 does not display a kink at P628 ([Figures 3E](#F3){ref-type="fig"}, [3H](#F3){ref-type="fig"}, [3I](#F3){ref-type="fig"}, [S6D](#SD1){ref-type="supplementary-material"}, and [S6E](#SD1){ref-type="supplementary-material"}). All comparisons of membrane or micelle thickness were made with all density maps low pass filtered to the same resolution of \~7 Å. These observations reveal that PIP~2~ is required for TMEM16F to adopt conformations with a kink of TM6, which in turn causes membrane thinning at TM3 and 4 and distortion at TM6 and pre-TM1.

Lipid Scrambling Is Related to Membrane Distortion {#S5}
--------------------------------------------------

We then looked into how membrane distortion may affect lipid scrambling. The kink of TM6 creates a gap in the funnel-shaped opening facing the cytoplasmic side that is surrounded by TM3, TM4, and TM6. Instead of forming two parallel leaflets, lipids appear to be rearranged within the gap, thus causing thinning of membrane near TM3 and TM4 ([Figures 3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}). Furthermore, R636 and R639 at the lower end of TM6 now cluster with R271, H275, and R277 on the pre-TM1 elbow nearby ([Figure 4A](#F4){ref-type="fig"}), which together appear to attract the lipid headgroups within the distorted bilayer, thus causing the membrane to curve slightly downward, creating a distortion in the membrane.

Because these residues are strategically located at the site of membrane distortion, we further tested their functional roles. To differentiate the channel activity from the lipid scrambling, we assayed the former with calcium imaging and the latter with live imaging of PS exposure of cells stably transfected with wild-type or mutant TMEM16F. Importantly, the R636A/R639A double mutation accelerated the onset of PS exposure without affecting Ca^2+^ influx, and the R271A/H275A/R277A triple mutations accelerated the onset of Ca^2+^ influx, PS exposure, and GPMV generation ([Figures 4C](#F4){ref-type="fig"}--[4H](#F4){ref-type="fig"}; [Table S2](#SD1){ref-type="supplementary-material"}). Acceleration of lipid scrambling in the R636A/R639A double mutant could indicate that the rate of lipid scrambling is increased by weakening interactions of lipid polar headgroups with these basic residues at the location of membrane thinning, where the barrier for lipid scrambling is lower. The specific effect of neutralizing R636 and R639 on the onset of PS exposure, but not Ca^2+^ influx, implicates their involvement in lipid scrambling, in a process separable from channel function.

Interestingly, we observed one lipid (likely PS) with its polar headgroup stably coordinated by R478 on TM3 as well as K590 and R592 on the TM5-TM6 loop in both structures of TMEM16F in PIP~2~ supplemented nanodiscs ([Figures 5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}). Consistent to being at the thinnest site of membrane ([Figure 5A](#F5){ref-type="fig"}), this is the most slanted lipid we observed in all of our structures ([Figure 5B](#F5){ref-type="fig"}). Previous molecular dynamics studies of nhTMEM16 showed that lipids with their headgroups bound to a pair of conserved residues, E313 and R432 that correspond to R478 and E604 in TMEM16F, are being scrambled ([@R4]). We thus speculate that this lipid we observed in TMEM16F structures ([Figure 5B](#F5){ref-type="fig"}) could have been trapped in a position of potential relevance to lipid scrambling. These intriguing observations prompted us to test the functional roles of the basic residues that contact this lipid. Whereas both R478A and the R478A/K590A double mutation delayed the onset of GPMV generation, the R478A/K590A/R592A triple mutation delayed the onset of PS exposure and abolished GPMV generation ([Figures 5C](#F5){ref-type="fig"}--[5H](#F5){ref-type="fig"}; [Table S2](#SD1){ref-type="supplementary-material"}), underscoring the functional importance of these lipid binding residues.

TMEM16F with Distorted Membrane Has an Intact Ion Permeation Pore {#S6}
-----------------------------------------------------------------

Resembling the TMEM16A pore ([@R9]; [@R34]), the channel pore of TMEM16F has a funnel shape with its funnel opening toward the cytoplasmic side and is enclosed and surrounded by TM3--TM7 ([Figures 6A](#F6){ref-type="fig"}--[6C](#F6){ref-type="fig"} and [S6I](#SD1){ref-type="supplementary-material"}; [Video S2](#SD3){ref-type="supplementary-material"}), similar to the arrangements reported recently ([Figures S2K](#SD1){ref-type="supplementary-material"}-- [S2N](#SD1){ref-type="supplementary-material"}; [@R2]). It remains intact in all of our structures with its hydrophilic interior enclosed hence not accessible by lipids from the surrounding membrane. Facing the channel pore is Q559 critical for ion selectivity of TMEM16F channels recorded from excised membrane patches ([@R2]; [@R53]; [@R55]). The pore appears to be closed in all structures ([Figures 6D](#F6){ref-type="fig"} and [S6J](#SD1){ref-type="supplementary-material"}). This is expected because TMEM16F channel activation requires membrane depolarization even in the presence of PIP~2~ and elevated internal Ca^2+^ concentration ([@R53]; [@R54]). Comparisons among these structures show that Ca^2+^ binding and PIP~2~ supplementation lead to widening of the pore near the cytoplasmic side of the membrane ([Figures 6A](#F6){ref-type="fig"}--[6C](#F6){ref-type="fig"} and [S6I](#SD1){ref-type="supplementary-material"}). While maintaining an intact ion permeation pore, the kink of TM6 is the primary cause of membrane distortion. Therefore, in TMEM16F structures, membrane distortion does not require an open hydrophilic groove.

In the case of the nhTMEM16 and afTMEM16 fungal scramblases, this equivalent pore is not intact but opens to the membrane ([@R7]; [@R13]; [@R25]), and the TM6 helix is straight. Therefore, unlike TMEM16F structures, the membrane distortion in nhTMEM16 and afTMEM16 structures is likely caused by the open hydrophilic groove.

To explore the functional involvement of pore-lining residues, we compared the effects of alanine substitutions of E529 and K530 on TM4 and E604 on TM6 ([Figures 6E](#F6){ref-type="fig"}--[6J](#F6){ref-type="fig"} and [S3](#SD1){ref-type="supplementary-material"}; [Table S2](#SD1){ref-type="supplementary-material"}). E529A delayed the onset of Ca^2+^ influx, PS exposure, and GPMV generation, and K530A had a milder effect on these processes and E604A had stronger effects on PS exposure and GPMV formation. Consistent with the strong effects on Ca^2+^ influx, E529A and E604A mutations reduced TMEM16F channel activity by causing a right shift of its Ca^2+^ sensitivity for channel activation ([Figure 6K](#F6){ref-type="fig"}), indicating that these mutations may have altered the relative stability of the open and closed conformations of the channel. The reduction of Ca^2+^ influx by mutations of these pore-lining residues could indirectly impact the Ca^2+^-activated scramblase activity as well as GPMV generation that requires both TMEM16F-dependent Ca^2+^ influx and lipid scrambling ([@R19]).

DISCUSSION {#S7}
==========

Members of TMEM16 family share similar overall structural architecture but with diverse and distinct functionalities ([@R12]; [@R36]). Although TMEM16A and TMEM16B are Ca^2+^-activated chloride channels ([@R14]; [@R22]), most members of this family have lipid scramblase activities ([@R12]; [@R45]). Among them, TMEM16F is a bona fide ion channel and lipid scramblase ([@R2]; [@R47]; [@R53]), with important physiological functions in many different cell types ([@R3]; [@R6]; [@R10]; [@R15]; [@R21]; [@R30]; [@R32], [@R33]; [@R53]). Therefore, an intriguing question is how a protein carries out such dual functionality of channel and scramblase.

In contrast to the current view, in which lipid scrambling requires an open groove facing the membrane interior ([@R4]; [@R12]; [@R50]; [@R56]), the structural features of TMEM16F presented in this study suggest a model of how the same protein can fulfil dual functionality of channel and scramblase while maintaining an intact ion permeation pore ([Figure 7](#F7){ref-type="fig"}). In the presence of Ca^2+^ but without PIP~2~, the configuration of ion permeation pore of TMEM16F resembles that of TMEM16A, formed by TM3--7 with a funnel shape opening toward the cytoplasmic side. Supplementing PIP~2~ to TMEM16F causes a swing of the lower part of TM6 and subtle rearrangements of other pore-forming helices, thereby causing membrane distortion and thinning ([Figures 7B](#F7){ref-type="fig"} and [7C](#F7){ref-type="fig"}). Such changes widen the funnel opening further but without changing the ion permeation pore ([Figure 7A](#F7){ref-type="fig"}), which remains fully intact as in the structure of TMEM16A. The widened funnel opening, however, causes membrane distortion and thinning that is similar to that found in the fungal scramblase structures ([@R13]; [@R25]). Neutralization of R753/H768 or R636/R639, which are evolutionarily conserved basic residues ([Figure S7](#SD1){ref-type="supplementary-material"}), specifically affects the latency for PS exposure without affecting the onset for Ca^2+^ rise ([Figures 2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}), indicating that these two pairs of residues are crucial for lipid scrambling, but not ion permeation, and there is a connection between membrane distortion observed in the structure and lipid scrambling. Therefore, even without an open groove, membrane distortion and thinning appears sufficient to facilitate lipid scrambling.

Our model differs from the three models recently proposed by Alvadia and colleagues, namely the "out-of-the-groove mechanism" for lipids to move outside of the protein-enclosed pore but without tight contact with the protein and two alternative scenarios invoking a conformation resembling the fungal TMEM16 scramblases either for both ions and lipids to permeate the same open cavity conformation or for the lipid-conductive open cavity to alternate with the ion-conductive protein-surrounded pore ([@R2]). Our model for the out-ofthe-groove lipid scrambling ([Figure 7](#F7){ref-type="fig"}) is based on PIP~2~-dependent protein conformation changes that are critical for lipid distortion and thinning ([Figure 3](#F3){ref-type="fig"}), and the specific functional dependence of lipid scrambling, but not Ca^2+^ influx, on basic residues that either coordinate the polar headgroup of a bound lipid or reside near membrane distortion and thinning ([Figures 2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}).

We did not resolve densities in our structures that can be interpreted as bound PIP~2~. However, our earlier studies showed that the N-terminal segment bearing a cluster of positively charged residues is crucial for PIP~2~ modulation of TMEM16F channel activity ([@R54]). In our structures, this cluster is presumably located very close to the TM6-TM7 loop below P628 that swings away upon PIP~2~ binding ([Figures S6K](#SD1){ref-type="supplementary-material"} and [S6L](#SD1){ref-type="supplementary-material"}). These observations are consistent with the notion that PIP~2~ plays a crucial role in allowing TMEM16F to adopt conformations with a kink of TM6, thus bringing positively charged residues on TM6 to the proximity of positively charged residues in the pre-TM1 elbow ([Figure 4B](#F4){ref-type="fig"}), causing membrane distortions and thinning.

In summary, our findings reveal that TMEM16F maintains an intact ion permeation channel while adopting a conformation that causes membrane distortion and facilitates lipid scrambling.

STAR★METHODS {#S8}
============

Detailed methods are provided in the online version of this paper and include the following:

LEAD CONTACT AND MATERIALS AVAILABILITY {#S9}
---------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yifan Cheng (<ycheng@ucsf.edu>).

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S10}
--------------------------------------

Full length mouse TMEM16F was fused to a 3C consensus sequence, a Strep-tag II peptide, and a GFP moiety at its C terminus, and expressed in HEK293 GnTi- cells obtained by ATCC using the BacMam system as described previously ([@R9]).

METHOD DETAILS {#S11}
--------------

### Protein purification {#S12}

Protein purification and sample processing were carried out at 4°C. For nanodisc-reconstituted preparations, approximately 10 g of cell pellet (from about 1 L of culture) was lysed by stirring for 40 min in 100 mL hypotonic buffer containing 20 mM HEPES (pH 7.5) supplemented with 0.1 mg/ml DNase, 1 × complete protease inhibitor cocktail (Roche) and 1 mM phenylmethylsulfonyl (PMSF). The membrane fraction was collected by centrifugation at 30,000 g for 30 min, and then homogenized with a Dounce homogenizer in extraction buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, and 10 mM EGTA (PH 7.5) supplemented with 0.1 mg/ml DNase, 1 × complete protease inhibitor cocktail, and 1 mM PMSF. Protein was extracted in 100 mL extraction buffer plus 0.5% n-dodecyl-b-d-maltopyranoside (DDM) and 0.1% cholesteryl hemisuccinate (CHS) with gentle stirring for 2 h. The insoluble fraction was removed by centrifugation at 30,000 g for 30 min. The recombinant protein was affinity purified with an anti-GFP nanobody immobilized on CNBr-activated Sepharose resin (GE Healthcare) in wash buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM EGTA, 0.06% Digitonin supplemented with a 0.1 mg/ml lipid mixture containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) at a ratio of 3:1:1. The purified protein was recovered by incubation with 1.5 CV wash buffer containing 0.5 mM dithiothreitol (DTT) and 50 mg 3C protease for 4 h. To reconstitute the protein in nanodiscs, the lipid was prepared as described previously ([@R9]) in ddH~2~O. After purification, the protein sample was mixed with MSP2N2 and soy PC (Avanti) at a molar ratio of 1:4:100 of TMEM16F monomer:MSP2N2:lipids (The ratio of SoyPC:POPC:POPE:POPS is about 6:3:1:1.) The mixture was allowed to equilibrate overnight and Bio-beads SM2 (Bio-Rad) were added to the mixture three times within 24 h to gradually remove detergents from the system. PIP~2~ was applied to the sample for 15 min. Afterward, the sample was filtered through a 0.45 mm filter, and the reconstituted protein was separated on a Superdex-200 column in column buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, and 1 mM EGTA. PIP~2~ was added to nanodiscs with incorporated protein (4 PIP~2~ per TMEM16F monomer; 1 PIP~2~ per 50 lipid molecules). PIP~2~ was added to protein in nanodiscs for a period of 15 min of incubation before injection onto the column for gel filtration to isolate TMEM16F reconstituted in nanodiscs with PIP~2~ supplement. The peak fraction was collected and concentrated to 0.6--0.7 mg/ml using a 100 kDa MWCO Amicon Ultra filter device (Millipore). 2 mM CaCl~2~ was added to the protein sample right before freezing the grids. The lipid compositions used for protein purification and nanodisc reconstitutions are chosen based on previous studies ([@R9]; [@R24]; [@R49]).

Similar purification procedures were used to prepare digitonin solubilized TMEM16F except that 0.5 mM CaCl~2~ was used in all buffers instead of EGTA and 1% digitonin was in the extraction buffer. After digestion by 3C protease, the protein was collected and immediately separated on a Superdex-200 column in column buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5 mM CaCl~2~ and 0.06% digitonin. The peak fractions were collected and concentrated to 5 mg/ml via a 100-kDa Amicon Ultra filter device.

### Electron microscopy {#S13}

For cryo-EM, 2.5 mL of purified mTMEM16F was applied to holey carbon grids (Quantifoil 400 mesh Cu R1.2/1.3) glow-discharged for 30 s. After 30 s incubation on the grids at 4°C under 100% humidity, grids were blotted with Whatman \#4 filter paper for 6--8 s and plunge-frozen in liquid ethane cooled by liquid nitrogen using a FEI Mark IV Vitrobot. Grids were transferred to an FEI Titan Krios electron microscope equipped with a field emission electron source and operated at 300 kV at the UCSF Cryo-EM facility.

Images were recorded using SerialEM ([@R29]) in super-resolution mode using a K2 summit direct electron detector (Gatan) at a calibrated magnification of 22,500X, yielding a physical pixel size of 1.059 Å (0.5295 Å super resolution pixel size). Dose rate, total dose and defocus range used for data collection are summarized in [Table S1](#SD1){ref-type="supplementary-material"}.

### Data processing {#S14}

For cryo-EM data, drift correction was performed using MotionCor2 ([@R57]) and images were binned 2×2 by Fourier cropping to a pixel size of 1.059 Å The contrast transfer function (CTF) was estimated using CTFFIND4 ([@R40]) using motion-corrected sums without dose-weighting. Motion-corrected sums with dose-weighting were used for all other image processing. RELION ([@R41]) was used for 2D classification, 3D classification, and refinement procedures. We used the inbuilt local resolution by RELION for local resolution estimation.

All mTMEM16F data were processed with similar strategy. In summary, motion corrected sums were imported into cisTEM ([@R16]) for CTF estimation and particle picking. The refinement package including all picked particles were exported and used for further processing with RELION. All particles were binned in groups of four to pixel size of 4.236 for 3D classification. Particles from good classes without binning were further sorted by 2D classification and another round of 3D classification. 3D auto- refinement with a C2 symmetry was processed to get a density map, which was subjected to 'post-processing' in RELION to generate the final map for model building. Detailed information of data processing can be found in [Figure S5](#SD1){ref-type="supplementary-material"} Directional FSC (dFSC) was calculated using similar approach as reported previously ([@R9]) with an improved script. Local resolution estimates were calculated with unsharpened raw density maps using ResMap ([@R26]). The initial reference used for data processing was the TMEM16A density map for the Ca^2+^-bound TMEM16F in digitonin dataset. For other datasets, the density map of TMEM16F in digitonin was used as initial reference.

All five density maps were low pass filtered to 6.7 Å before measuring the thickness of the membrane or micelle ([Figures S6D](#SD1){ref-type="supplementary-material"}--[S6H](#SD1){ref-type="supplementary-material"}). The distance between the extracellular and intracellular edges of membrane was measured in Chimera. We picked three regions, the thinnest region, the thickest region, and a region distant from the protein thus corresponding to the average thickness of the membrane in the Ca^2+^ bound TMEM16F nanodisc Class 2 density map. After aligning all five maps, the same three regions were measured in each density map. We show the absolute thickness for these three regions in [Figures S6D](#SD1){ref-type="supplementary-material"}--[S6H](#SD1){ref-type="supplementary-material"}. We also normalized the thickness of the thinnest region and the thickest region of the membrane to that of the region corresponding to the average thickness of the membrane in each map, as shown in [Figure 3](#F3){ref-type="fig"}.

### Model building {#S15}

*Ab initio* model building was carried out in COOT ([@R11]) and PHENIX. Initial model was generated with SWISS-MODEL ([@R48]) on the basis of sequence alignment of TMEM16F with cryo-EM structure of TMEM16A. The model was refined in real space with Phenix.real_space_refine ([@R1]) and followed by further manual adjustment in COOT. This process was repeated until Ramachandran validation was satisfied. Structural validation was carried out by MolProbity and EMRinger in PHENIX. We used the difference map to locate the Ca^2+^ ion bound to TMEM16F in digitonin or nanodiscs.

Caver ([@R35]) was used to calculate the pore profile shown in [Figures 6](#F6){ref-type="fig"} and [S6](#SD1){ref-type="supplementary-material"}. The narrowest point is defined as the location of the pore with the smallest radius. Difference map was generated based on refined structure and density map using PHENIX with the command line option "phenix.real_space_diff_map." The program PyMol (The PyMOL Molecular Graphics System, 2002). and UCSF Chimera ([@R37]) were used for figure preparation.

### Electrophysiology {#S16}

Coverslips with cells were transferred to a recording chamber on a Nikon-TE2000 Inverted Scope (Nikon) and transfection was confirmed with fluorescent microscopy. Patch borosilicate pipets (Sutter Instrument, Novato, CA, USA) were pulled from a Sutter P-97 puller with resistances of 2--3 MΩ for inside-out patch recordings. Solutions were puffed to the excised patch using VC3--8xP pressurized perfusion system (ALA Science, Farmingdale, NY, USA). Bath solution contained 145 mM NaCl, 10 mM HEPES, 2 mM CaCl~2~, 1 mM MgCl~2~, 10 mM glucose, pH 7.2 with NaOH. Pipette solution contained 150 mM NaCl, 10 mM HEPES, 1 mM CaCl~2~. The membrane patch for inside-out recording was excised to in Ca^2+^-free solution to prevent desensitization ([@R54]): 150 mM NaCl, 10 mM HEPES, 2 mM EGTA. For solutions with Ca^2+^ \< 100 μM, Ca^2+^ was added to solutions containing 2 mM HEDTA, and the final concentration was confirmed with Oregon Green BAPTA-5N (Thermo Fisher). The osmolality of each solution was adjusted to 290\~310 mOsm/kg. Data were acquired using a Multiclamp 700B amplifier controlled by Clampex 10.2 via Digidata 1440A (Axon Instruments, Sunnyvale, CA, USA). All experiments were performed at room temperature (22--24°C). All data were analyzed using pClamp10 (Molecular Devices, Sunnyvale, CA, USA), OriginLab (OriginLab Corporation, Northampton, MA, USA), and Graphpad Prism. For the measurement of Ca^2+^-sensitivity, every trace was fit with the Hill equation to generate its respective EC~50~ and H (Hill coefficient). The curves in the figures display the averaged current magnitudes normalized to their respective maximal values (I/I~max~ %). Significant differences for EC~50~s of Ca^2+^-response curves were determined with Kruskal-Wallis tests followed by Dunn's multiple comparison tests. In all cases, data represent mean ± SEM.

### Giant plasma membrane vesicle (GPMV) quantification and calcium rise measurement {#S17}

Cultured cells were incubated with with NucBlue Live Cell Stain (Thermo Fisher) and 1 μM of the calcium reporter dye Fluo-8 AM (AAT Bioquest) for 15 min, washed twice in Dulbecco's phosphate buffered saline (DPBS), and treated with 25 mM paraformaldehyde (PFA)/2 mM dithiothreitol (DTT) in HEPES-buffered modified Tyrode's buffer (10 mM HEPES, 143 mM NaCl, 4 mM NaCl, 10 mM glucose, 2 mM CaCl~2~) for live cell imaging on a Nikon-TE2000 inverted microscope (Nikon Instruments, Melville, NY, USA) equipped with a thermostat chamber. Images for both brightfield and Fluo-8 were acquired in parallel once every minute starting 10 min posttreatment for 50 min for a total of 1 hour treatment time. Quantification of the number of GPMVs in each frame were collected using custom software ([@R19]). Images of nuclear staining were acquired after each experiment and used to quantify the number of cells in each field for normalization. Statistical significance for GPMV quantification was determined by one-way ANOVA followed by Holm-Šídák multiple comparisons test. Data are represented as mean ± SEM for curves, and as mean ± stdev for scattered dot plots. To calculate the values for V~max~, time of onset, and duration, we fit the GPMV quantification data with the Weibull growth model using Graph Pad Prism 7: *Y = YM −(YM −Y0)* ~*∗*~*exp( −1* ~*∗*~ *((k* ~*∗\ X)*~^*g*^*)* V~max~ is defined as the maximum of the first derivative of this curve, and time of onset is the maximum of the second derivative (indicating the maximal acceleration of vesiculation).

GPMVs are counted using custom Python code that employs a combination of a Canny edge detection algorithm ([@R8]; [@R46]) and a custom designed convolutional neural net program ([@R19]). The Canny edge detection was combined with a modified Hough transform to detect circles in each image. The convolutional neural net was trained on 32 X 32 pixel images of centered vesicles. Over 1400 images were selected manually to train the neural net in our recent study ([@R19]). To increase the specificity of detection, a particular vesicle was only counted if both the edge algorithm and neural net detected the vesicle.

### Lipid scrambling assay {#S18}

Stable HEK293 cell lines expressing wild-type or mutant mTMEM16F were plated in glass bottom dishes coated with 1X poly-L-lysine (Sigma) and 1:2000 matrigel (Sigma) at least two hours prior to imaging. Cells were incubated with NucBlue Live Cell Stain for 10 min, washed twice in HEPES-buffered modified Tyrode's buffer (10 mM HEPES, 143 mM NaCl, 4 mM KCl, 10 mM glucose, 2 mM CaCl~2~). Image acquisition began once PFA/DTT/CaCl~2~ and 1:100 pSIVA (BioRad, Hercules, CA) was added to a final concentration of 25 mM/ 2 mM/2 mM and terminated after 1 hour. Image analysis was carried out on each individual cell using the Nikon Elements Software ([@R19]). To calculate the values for V~max~ and time of onset, we fit the pSIVA imaging data with the Weibull growth model using Graph Pad Prism 7: *Y = YM −(YM −Y0)* ~*∗*~*exp( −1* ~*∗*~ *((k* ~*∗\ X)*~^*g*^*)* V~max~ is defined as the maximum of the first derivative of this curve, and time of onset is the maximum of the second derivative.

### Microplate reader calcium rise measurement {#S19}

Cultured HEK293 cells were pre-loaded with 5 μM Fluo-5N (Thermo) and NucBlue Live Cell Stain (Invitrogen) for 15 min and washed twice in DPBS and incubated in calcium-free GPMV buffer. 25 mM PFA/2 mM DTT in calcium-free GPMV buffer is added 3 min after data acquisition begins to visualize PFA-induced calcium release from internal store. Finally, 2 mM CaCl~2~ (final concentration) is added 10 min after PFA. Fluorescence is continuously recorded using a Synergy H4 plate reader (BioTek, Winooski, VT) reading with a minimal interval of 1 read/11 s for calcium release and once every min for 60 min for calcium influx.

QUATIFICATION AND STATISTICAL ANALYSIS {#S20}
--------------------------------------

Statistics and Graphs were generated by using pClamp10, GraphPad Prism 7 or Origin 8 software. Data are represented as mean ± SEM for curves, and as mean ± stdev for scattered dot plots. \* p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001, \*\*\*\* p \< 0.0001. Statistical significance of all mutants as compared to TMEM16F wild-type (WT) was determined by one-way ANOVA followed by Holm- Šídák multiple comparisons test.

DATA AND CODE AVAILABILITY {#S21}
--------------------------

The accession numbers of cryo-EM density maps of TMEM16F reported in this paper are EMD: 20244, 20245, 20246, and 20247. The accession numbers of particle image stacks after motion correction related to TMEM16F reported in this paper are EMPIAR: 10278 (TMEM16F in Digitonin with calcium bound), EMPIAR: 10279 (TMEM16F in Digitonin without calcium bound), EMPIAR: 10280 (TMEM16F in Nanodisc). The accession numbers of atomic coordinates for TMEM16F reported in this paper are PDB: 6P46, 6P47, 6P48, and 6P49. All electrophysiological data generated or analyzed during this study are included in the published article. All other data are available from the corresponding authors upon reasonable request.
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![Ca^2+^-Dependent Conformation Changes and Lipid Binding to TMEM16F\
(A--C) Lipids with slanted orientations (model in magenta, superimposed on the sharpened density map in light gray; A) are associated with Ca^2+^-bound TMEM16F in digitonin (green) with lipids (magenta) and one Ca^2+^ ion (red sphere) in each monomer, overlaid on the electron density map (sharpened, in light gray; B). The Ca^2+^ ion is coordinated by N621 on TM6, E670 on TM7, and D703 on TM8 (C).\
(D--F) Fewer lipids (model in magenta, superimposed on the sharpened electron density map in light gray; D) are associated with Ca^2+^-free TMEM16F in digitonin (yellow) with lipids (magenta) overlaid on the electron density map (sharpened, in light gray; E). TM6 remains close to TM7 and TM8 even without Ca^2+^ binding to the acidic residues on these transmembrane helices (F).\
(G) Superimposition of ribbon diagrams of Ca^2+^-bound (green) and Ca^2+^-free (yellow) TMEM16F in digitonin, showing a bend of TM6 at G615 in Ca^2+^-bound, but not Ca^2+^-free, TMEM16F and R542, N621, and K706 with Ca^2+^-dependent placements.\
(H) Superimposition of ribbon diagrams of Ca^2+^-bound (green) and Ca^2+^-free (yellow) TMEM16F in digitonin, showing different conformations of TM9-TM10 loop.\
(I) A lipid with its headgroup coordinated by R813, K823, and H824 on TM9-TM10 loop of Ca^2+^-bound TMEM16F in digitonin (green).\
(J) A lipid with its headgroup coordinated by R753 and H768 on TM9-TM10 loop of Ca^2+^-bound TMEM16F in digitonin (green).\
See also [Figures S1](#SD1){ref-type="supplementary-material"} and [S2](#SD1){ref-type="supplementary-material"} and [Table S1](#SD1){ref-type="supplementary-material"}.](nihms-1534189-f0002){#F1}

![Functional Tests of Lipid-Binding Residues on TM9-TM10 Loop and Other Residues with Ca^2+^-Dependent Placements\
(A--F) Analysis of residues involved in Ca^2+^ binding is depicted (A)--(C), and (D)--(F) are for analysis of residues involved in lipid binding. Live imaging of TMEM16Fdependent Ca^2+^ influx (A and D), PS exposure (B and E), and GPMV generation (C and F) is shown. Time-lapse imaging of 500--1,000 cells with 10× magnification was performed to concurrently monitor GPMV formation and Ca^2+^ influx via Fluo-8 fluorescence. Time-lapse imaging of individual cells viewed with 603 magnification was performed to monitor PS exposure via pSIVA fluorescence. Data are represented as mean ± SEM.\
(G--I) Scattered dot plots of time of onset of TMEM16F-dependent Ca^2+^ influx (G), PS exposure (H), and GPMV generation (I). Time of onset, which is the maximum of the second derivative of the curve (maximal acceleration), could not be determined for those time courses with a linear rather than sigmoidal rise. Data are represented as mean ± SD. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001. Statistical significance of all mutants as compared to TMEM16F wild-type (WT) are determined by one-way ANOVA followed by Holm-Šídák multiple comparisons test.\
See also [Figure S3](#SD1){ref-type="supplementary-material"} and [Table S2](#SD1){ref-type="supplementary-material"}.](nihms-1534189-f0003){#F2}

![Membrane Distortion Depends on the TMEM16F Conformation\
(A) Ca^2+^-bound TMEM16F of class 2 (blue) in nanodiscs supplemented with PIP~2~ is associated with prominent distortion of the membrane (light gray, with border marked by dashed green lines) near TM3, TM4, TM6, and pre-TM1 elbow (red). Membrane distortion is quantified by measuring the membrane thickness, with the normalized values shown.\
(B) Ca^2+^-bound TMEM16F of class 1 (orange) in nanodiscs supplemented with PIP~2~ is associated with moderate distortion of the membrane (light gray, with border marked by dashed green lines) near TM3, TM4, TM6, and pre-TM1 elbow (red). Membrane distortion is quantified by measuring the membrane thickness, with the normalized values shown.\
(C) Ca^2+^-bound TMEM16F (yellow) in nanodiscs without PIP~2~ supplement is associated with minimal distortion of the membrane (light gray, with border marked by dashed green lines) as revealed by the membrane thickness measurements.\
(D--F) Pairwise superimposition of density maps of TM3, TM4, TM6, and pre-TM1 elbow, showing the kink of TM6 at P628 (encircled with dotted line) of Ca^2+^-bound TMEM16F in nanodiscs supplemented with PIP~2~(D; orange for class 1;blue for class 2), but not in digitonin (E; green) or nanodiscs without PIP~2~ supplement (F; yellow).\
(G--I) Pairwise superimposition of ribbon diagrams of TM3, TM4, TM6, and pre-TM1 elbow, Ca^2+^-bound TMEM16F in nanodiscs supplemented with PIP~2~ Class 1 (orange) vs Ca^2+^-bound TMEM16F in nanodiscs supplemented with PIP~2~ Class 2 (blue) (G) or Ca^2+^-bound TMEM16F in digitonin (green) (H), Ca^2+^-bound TMEM16F in nanodiscs supplemented with PIP~2~ Class 2 (blue) vs Ca^2+^-bound TMEM16F in digitonin (green) (I), showing the kink of TM6 at P628 (encircled with dotted line) of Ca^2+^-bound TMEM16F in nanodiscs supplemented with PIP~2~ (orange for class 1; blue for class 2), but not in digitonin (green).\
See also [Figures S2](#SD1){ref-type="supplementary-material"}, [S4](#SD1){ref-type="supplementary-material"}, and [S5](#SD1){ref-type="supplementary-material"}, [Table S1](#SD1){ref-type="supplementary-material"}, and [Videos S1](#SD2){ref-type="supplementary-material"} and [S2](#SD3){ref-type="supplementary-material"}.](nihms-1534189-f0004){#F3}

![TMEM16F-Conformation-Dependent Orientation of Bound Lipids and Functional Tests of Basic Residues Associated with Membrane Distortion\
(A) Transmembrane helices and loops in ribbon diagram for class 2 TMEM16F (blue) and bound lipids (magenta) shown with distorted membrane (gray). Membrane distortion is near TM3 and TM4 (red) and TM6 and pre-TM1 elbow (orange) with clusters of basic residues (encircled in dashed line) that are tested with mutagenesis.\
(B) Superimposition of lipids bound to class 1 (gold) and class 2 (blue) TMEM16F in PIP~2~-supplemented nanodiscs. Dotted circles mark the lipid headgroups that interact with extracellular loops.\
(C--E) Live imaging of TMEM16F-dependent Ca^2+^ influx (C), PS exposure (D), and GPMV generation (E). Time-lapse imaging of 500--1,000 cells with 10× magnification was performed to concurrently monitor GPMV formation and Ca^2+^ influx via Fluo-8 fluorescence. Time-lapse imaging of individual cells viewed with 603 magnification was performed to monitor PS exposure via pSIVA fluorescence. Data are represented as mean ± SEM.\
(F--H) Scattered dot plots of time of onset of TMEM16F-dependent Ca^2+^ influx (F), PS exposure (G), and GPMV generation (H). Time of onset could not be determined for those time courses with a linear rather than sigmoidal rise. Data are represented as mean ± SD. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001.\
Statistical significance of all mutants as compared to TMEM16F WT is determined by one-way ANOVA followed by Holm- Šídák multiple comparisons test.\
See also [Figure S3](#SD1){ref-type="supplementary-material"}, [Table S2](#SD1){ref-type="supplementary-material"}, and [Videos S1](#SD2){ref-type="supplementary-material"} and [S2](#SD3){ref-type="supplementary-material"}.](nihms-1534189-f0005){#F4}

![PIP~2~-Dependent Lipid Binding Near Membrane Distortion and Functional Tests of Lipid-Binding Residues\
(A) Ca^2+^-bound TMEM16F (class 2) in PIP~2~ supplemented nanodiscs. Bound lipids are in cyan, and the one shown in (B) is in magenta.\
(B) A phosphatidylserine (PS) (fatty acid tails in magenta and headgroup encircled with dashed line, superimposed on the sharpened electron density map in light gray) has its polar headgroup coordinated by R478 on TM3 and K590 and R592 on the TM5-TM6 loop. TMEM16Fs from class 1 (in orange, top panel) and class 2 (in blue, bottom panel) are shown with the same protein orientation.\
(C--E) Live imaging of TMEM16F-dependent Ca^2+^ influx (C), PS exposure (D), and GPMV generation (E). Time-lapse imaging of 500--1,000 cells with 10× magnification was performed to concurrently monitor GPMV formation and Ca^2+^ influx via Fluo-8 fluorescence. Time-lapse imaging of individual cells viewed with 603 magnification was performed to monitor PS exposure via pSIVA fluorescence. Data are represented as mean ± SEM.\
(F--H) Scattered dot plots of time of onset of TMEM16F-dependent Ca^2+^ influx (F), PS exposure (G), and GPMV generation (H). Time of onset could not be determined for those time courses with a linear rather than sigmoidal rise. Data are represented as mean ± SD. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001. Statistical significance of all mutants as compared to TMEM16F WT is determined by one-way ANOVA followed by Holm- Šídák multiple comparisons test.\
See also [Figure S3](#SD1){ref-type="supplementary-material"} and [Table S2](#SD1){ref-type="supplementary-material"}.](nihms-1534189-f0006){#F5}

![The TMEM16F Channel Pore and Functional Tests of Pore-Lining Residues\
(A--C) The solvent-accessible (mesh) pore of Ca^2+^-bound TMEM16F in PIP~2~-supplemented nanodiscs (orange for class 1; blue for class 2; A and B) or digitonin (green; C).\
(D) Pore radius along the z axis (green for TMEM16F in digitonin; orange and blue for class 1 and class 2 of TMEM16F in PIP~2~ supplemented nanodiscs, respectively).\
(E--G) Live imaging of TMEM16F-dependent Ca^2+^ influx (E), PS exposure (F), and GPMV generation (G). Time-lapse imaging of 500--1,000 cells with 10× magnification was performed to concurrently monitor GPMV formation and Ca^2+^ influx via Fluo-8 fluorescence. Time-lapse imaging of individual cells viewed with 603 magnification was performed to monitor PS exposure via pSIVA fluorescence. Data are represented as mean ± SEM.\
(H--J) Scattered dot plots of time of onset of TMEM16F-dependent Ca^2+^ influx (H), PS exposure (I), and GPMV generation (J). Time of onset could not be determined for those time courses with a linear rather than sigmoidal rise. Data are represented as mean ± SD. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001. Statistical significance of all mutants as compared to TMEM16F WT is determined by one-way ANOVA followed by Holm-Šídák multiple comparisons test.\
(K) Normalized currents fit to the Hill equation. The Hill coefficient is 2, and the EC~50~ values of E529A and E604 (24.0 ± 2.3 μM and 20.1 ± 2.2 μM, respectively) are significantly increased compared to the EC~50~ of wild-type control (7.4 ± 1.9 mM; p \< 0.0001; corrected Dunnett test following one-way ANOVA). EC~50~ of K530A (6.5 ± 2.9 μM) is not significantly different from WT value (p = 0.99).\
See also [Figures S2](#SD1){ref-type="supplementary-material"}, [S3](#SD1){ref-type="supplementary-material"}, and [S6](#SD1){ref-type="supplementary-material"}, [Table S2](#SD1){ref-type="supplementary-material"}, and [Videos S1](#SD2){ref-type="supplementary-material"} and [S2](#SD3){ref-type="supplementary-material"}.](nihms-1534189-f0007){#F6}

![Model for Lipid Scrambling\
(A) Schematics showing the half-open subunit cavity of the fungal scramblases nhTMEM16 and afTMEM16 (left) and the intact enclosed channel pore ofTMEM16F, which has dual function of channel and scramblase, in the presence (right) or absence (middle) of PIP~2~ that causes changes of TMEM16F conformation. The cross section of dimeric TMEM16F in nanodiscs with or without PIP~2~ supplement is very similar.\
(B) Membrane distortion is associated with fungal scramblases with half-open subunit cavity (left). Whereas TMEM16F in nanodiscs without PIP~2~ supplementation is not associated with membrane distortion, PIP~2~-induced conformation changes of TMEM16F causes membrane distortion near the enclosed channel pore (right).\
(C) In addition to the two lipids stably bound to clusters of basic residues in the TM9-TM10 loop of Ca^2+^-bound TMEM16F, a lipid (likely PS) is bound to basic residues on TM4 and the TM4-TM5 loop of Ca^2+^-bound TMEM16F in PIP~2~-supplemented nanodiscs. PIP~2~ induces displacements of TM3, TM4, and TM6, which displays a kink to bring clusters of basic residues on TM6 and the pre-TM1 elbow together, thereby causing membrane distortion. Alanine substitutions of a subset of these basic residues involved in lipid binding and membrane distortion specifically affect PS exposure, indicating that lipid scrambling may proceed in a pathway separable from ion permeation.\
See also [Figure S7](#SD1){ref-type="supplementary-material"} and [Videos S1](#SD2){ref-type="supplementary-material"} and [S2](#SD3){ref-type="supplementary-material"}.](nihms-1534189-f0008){#F7}

  REAGENT or RESOURCE                                                                     SOURCE                                                    IDENTIFIER
  --------------------------------------------------------------------------------------- --------------------------------------------------------- -----------------------------------------------------------------
  Chemicals, Peptides, and Recombinant Proteins                                                                                                     
  DMEM medium                                                                             Corning cellgro                                           10--013-CV
  Mammalian cell culture medium                                                           Expression System                                         98--001-01
  SF-900 III SFM medium                                                                   GIBCO                                                     12658--027
  Penicillin/Streptomycin                                                                 Corning                                                   30--002-CI
  Fetal bovine serum                                                                      AXENIA BIOLOGIX                                           F001
  n-Dodecyl-b-D-Maltopyranoside (DDM)                                                     Anatrace                                                  D310
  Cholesteryl hemisuccinate                                                               Anatrace                                                  CH210
  Digitonin                                                                               AppliChem                                                 A1905
  Protease inhibitor cocktail                                                             Roche                                                     18970600
  DNase                                                                                   Roche                                                     10104159001
  Lipofectamine 2000 transfection reagent                                                 Invitrogen                                                11668019
  Critical Commercial Assays                                                                                                                        
  CNBR-activated Sepharose beads                                                          GE Healthcare                                             17--0430-01
  Superdex 200, 10/300 GL                                                                 GE Healthcare                                             17--5175-01
  Deposited Data                                                                                                                                    
  TMEM16F in Digitonin with calcium bound                                                 This paper                                                EMPIAR-10278
  TMEM16F in Digitonin without calcium bound                                              This paper                                                EMPIAR-10279
  TMEM16F in Nanodisc                                                                     This paper                                                EMPIAR-10280
  Cryo-EM structure of TMEM16F in digitonin with calcium bound                            This paper                                                PDB: 6P46 and EMD: 20244
  Cryo-EM structure of TMEM16F in digitonin without calcium                               This paper                                                PDB: 6P47 and EMD: 20245
  Cryo-EM structure of calcium-bound TMEM16F in nanodisc with supplement of PIP2 in Cl1   This paper                                                PDB: 6P48 and EMD: 20246
  Cryo-EM structure of calcium-bound TMEM16F in nanodisc with supplement of PIP2 in Cl2   This paper                                                PDB: 6P49 and EMD: 20247
  Experimental Models: Cell Lines                                                                                                                   
  xSf9                                                                                    ATCC                                                      CRL-1711
  HEK293S GnTI                                                                            ATCC                                                      CRL-3022
  Software and Algorithms                                                                                                                           
  RELION                                                                                  [@R41]                                                    <http://www2.mrc-lmb.cam.ac.uk/relion>
  UCSF Chimera                                                                            [@R37]                                                    <http://www.cgl.ucsf.edu/chimera>
  PHENIX                                                                                  [@R1]                                                     [https://www.phenix-online.org](https://www.phenix-online.org/)
  COOT                                                                                    [@R11]                                                    <http://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/>
  Caver                                                                                   [@R35]                                                    <https://www.caver.cz/>
  PyMOL                                                                                   Molecular Graphics System, Version 1.8 Schrodinger, LLC   <https://pymol.org/2/>
  cisTEM                                                                                  [@R16]                                                    <https://cistem.org/>
  Other                                                                                                                                             
  Quantifoil R1.2/1.3 400 mesh Cu holey carbon grids                                      SPI supplies                                              4240C-XA

###### Highlights

-   Ca^2+^ binding enhances lipid association with TMEM16F calcium-activated scramblase

-   TMEM16F in nanodiscs supplemented with PIP~2~ is stably bound to a PS-like lipid

-   PIP~2~ supplement leads to membrane distortion that varies with TMEM16F conformation

-   Lipid binding residues outside of the protein enclosed pore affect lipid scrambling
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